ABSTRACT: The goldenrod gall fly Eurosta sohdaglnis (Diptera: Tephntidae) ranges from the southern U.S. northward into Canada. The larva overwinters within a ball gall on the stem of goldenrod Sohdago spp The galls often extend above the sno\vpack, exposing the larva to a w~d e range of environmental extremes In lv~nter This species has received extensive attention as a freeze-tolerant ~n s e c t model. A seasonal study of the overwintenng bioenergetics of an Ohio. USA, population revealed marked decreases In body weight, lipid and total caloric content in October and November when environmental temperatures were the highest. Overwintenng larvae produce heat shock proteins in response to hightemperature exposure. However, unlike other insects E. solidag~nis does not appear to synthesize heat shock proteins In response to low-temperature exposure.
INTRODUCTION
The goldenrod gall fly Eurosta solidaginis (Diptera: Tephritidae) has received extensive study as an insect model for the study of freeze tolerance (see reviews by Storey & Storey 1988 , Baust & Nishino 1991 . This paper briefly summarizes the overwintering biology and cold-hardiness of this species and provides new information related to its overwintering bioenergetics and its potential for the expression of heat shock (stress) proteins in response to high and low temperatures.
NATURAL HISTORY AND GEOGRAPHIC DISTRIBUTION
The goldenrod gall fly is distributed extensively in North America, ranging from Florida and Texas, northward to New Brunswick and across Canada to British Columbia (Uhler 1951 , Miller 1959 , Waring et al. 1990 ). This species induces the formation of spherical stem galls in various species of goldenrod, Solidago altissima, S. canadensis, S. gigantea and S. ulmifolia (Compositae) (Waring et al. 1990 ).
Adults of this univoltine species emerge in the sprlng or early summer, mate and oviposit in the unfolded leaves of the terminal bud of the goldenrod plant (Uhler 1951) . Larvae pass through 2 instars during the summer and overwinter within the gall as a third instar. Details of the life history are provided by Uhler (1951 Uhler ( , 1961 , Miller (1959) , and other references cited here.
A number of natural enemies attack the overwintering larvae. They are commonly parasitized by Euryt o n~a obtusiventris and E. gigantea (Hymenoptera: Eurytomidae). Because inquiline larvae of Mordellistina unicolor (Coleoptera: Mordellidae) that burrow into the central chamber of the gall often consume Eurosta solidaginis larvae, they are sometimes referred to as accidental predators (Uhler 1951 , Cane & Kurczewski 1976 . Downy woodpeckers Dendrocopus pubescens and black-capped chickadees Parus atricapillus are also common predators of overwintering larvae (Abrahamson et al. 1989) . Recent studies have examined aspects of the behavior, ecology and evolutionary relationships between the gall-making E. solidaginis, its host plant, and associated parasites and predators (see references in Abrahamson et al. 1989 and Waring et al. 1990 ).
COLD-HARDINESS
a new class of heterogeneous ice nucleators capable of regulating supercooling capacity in overwintering Many of the galls on the senescent goldenrod stems insects. remain above the snowpack, exposing the overwinterIn contrast to Eurosta solidaginis, which elevates its ing larvae to extreme environmental conditions. In supercooling point during its cold-hardening, the other western New York, Layne (1991) reported daily temgall inhabitants, the beetle Mordellistina unicolor and perature fluctuations wlthin the larval chamber of 20 to the 2 eurytomid wasps, use a d~fferent overwintering 30°C in September and October. This study demonstrategy (Baust et al. 1979) . These species enhance strated that the gall provides little or no thermal buffertheir supercooling capacities to -20 to -30°C, thereby ing of changes in ambient temperatures.
decreasing the chance that ice nucleation wlll occur During the summer and early autumn Eurosta solwithin their tissues. idaginis is intolerant of freezing; however, in response
The overwintering larvae sequentially accumulate a to environmental cues, larvae acquire freeze tolerance multi-component set of low-molecular-weight cryoin mid-to late autumn (Morrissey & Baust 1976 ). Larprotectants that collectively may reach concentrations vae survive the freezing of more than 60% of their greater than 1 M (Morrissey & Baust 1976 ). The phebody water (Lee & Lewis 1985) .
nology of the synthesis and accumulation of these comThe supercooling point, sometimes referred to as the pounds is linked to at least 2 environmental cues. In temperature of crystallization, is the temperature at the early autumn desiccation of the plant gall tissue which ice nucleation occurs spontaneou.sl.y within appears to trigger the accumulation of glycerol in body fluids. For freeze-tolerant larvae the supercoolthird-instar larvae; this accumulation in the larva is ing point is usually in the range of -8 to -10°C
closely correlated with the drying of the surrounding (Table l ) , although southern populations sometimes gall tissues as the plant senesces (Rojas et al. 1986 ). have a value of -14°C or lower (Baust & Lee 1981) . In Later in the autumn decreases in environmental temnorthern populations the lower lethal limit of freeze perature to 0 to 5OC trigger sorbitol synthesis from tolerance extends to -55°C or below, whereas larvae glycogen in the fat body cells (Baust & Lee 1981 , from Texas can survive internal ice formation and cool- Storey et al. 1981) . ing to at least -25OC (Baust & Lee 1981) .
It is generally believed that freeze tolerance under During autumn, when the third-instar larvae of Eurnatural conditions is possible only if the ice lattice is osta solidaginis acquire freeze tolerance, their superrestricted to the extracellular space (Mazur 1984) . This cooling points increase from summer values below notion is based on an extrapolation from the cryo--12°C into the -8 to -10°C range. Recently Layne et al. preservation of mammalian cells that would never nat-(1990) demonstrated that the overwintenng larvae are urally experience subzero temperatures. Surprisingly susceptible to inoculative freezing early in the autumn this premise has rarely been investigated directly in when the plant galls still have a relatively high water cells from naturally freeze-tolerant organisms. Howcontent. This observation is important because it sugever, on 2 occasions Salt (1959 Salt ( , 1962 reported intracelgests that under natural conditions the larvae may lular freeze tolerance in the fat body cells of Eurosta freeze several weeks earlier than would be predicted solidaginis. For more than 30 yr Salt's observations on on the basis of supercooling points determined on larthis novel phenomenon were largely ignored. vae removed from the gall.
Salt's observations were recently confirmed and exUnlike other freeze-tolerant insects, Eurosta solidatended by examining freezing injury and cryoprotecginis does not appear to contain ice-nucleating protion using cryomicroscopy and fluorescent vital dyes teins in its hemolymph (Bale et al. 1989a) . Within the (Lee et a1 1993) . Although intact larvae of Eurosta solMalpighian tubules of these overwintering larvae we found large calcium phosphate crys- tures were taken at 1.5 m above the ground, which corresponds closely the highest maximum temperatures in with the average height (1.2 m) of the goldenrod galls from which the idaginis did not survive freezing to -80°C, a substantial October through the third week in November; thereproportion of the fat body cells did. This result sugafter, maximum temperatures began to decline and gests that the fat body is not the most labile tissue in generally remained between 8 and 15°C for the the larvae and that some other site, possibly the nerremainder of the winter (Fig. 1) . In October the avervous system, is most susceptible to freezing injury and age weekly temperature was approxinlately 8°C comthus determines the lower lethal temperature for larval pared to 5.5"C in November. During an exceptionally survival. The addition of glycerol to a cell suspension cold period in December and January average temperallowed fat body cells to survive to lower temperatures atures remained below O0C, with the coldest week than in its absence. These results are significant for having a mean value of -9.6"C. The lowest tempera-2 reasons. They directly challenge the cryobiological ture recorded during this study was -22.1°C. The dogma from the study of mammalian cells and tissues, range of maximum to minimum weekly temperatures particularly those of humans, that survival is possible was commonly 20 or 25 degrees, and a s great as 34.8 only if ice formation is restricted to the extracellular degrees within 1 wk. Layne (1991) reported similar space. Tolerance of intracellular freezing might be thermal extremes within galls in western New York. common in organisms that have evolved mechanisms During the interval from October to March larval to survive freezing. Secondly, the future use of vital weight decreased by 34% (Fig. 2) . The greatest loss dyes and other metabolic measures of cell survival (16.7%) occurred in October a n d November when should allow more direct observations of the nature of ambient temperatures were highest. In contrast, larval chilling and freezing injury and cryoprotection in water content (59 to 63 %) remained relatively constant insects.
during the winter. Total mean lipid content decreased from October (10.2 m g ind.-l) to March (7.4 m g ind.-l), a 27.5% loss (Fig. 2) . As occurred for body weight, the OVERWINTERING BIOENERGETICS greatest proportion of this loss (22.5%) took place between October a n d December. A similar pattern was In temperate regions insects usually overwinter in evident for the total caloric content, which decreased diapause, a dormant state of depressed metabolic markedly during October. A Texas population of Euractivity and increased resistance to environmental osta solidaginis showed a similar decrease in larval extremes (Tauber et al. 1986 , Danks 1987 . Generally weight of approximately 40% from November to Januinsects enter diapause before the onset of adverse ary, with water content remaining constant in the environmental conditions. Since food is unavailable range of 60 to 64% (Rojas et al. 1986 ). In contrast, during winter, energy reserves in the form of lipid and Storey & Storey (1986) reported relatively constant larglycogen are accumulated in preparation for winter.
val weight and lipid levels during the winter for a popNot only are these reserves essential as an energy ulation near Ottawa, Ontario, Canada. This difference source for overwintering survival, but frequently they provide the primary energy Oxford, Ohio, were greater than 20°C in may, in part, be explained by the fact that environmental temperatures are lower in Ontario than in Ohio and Texas. Lower environmental temperatures would slow the metabolic rate of larvae, thus reducing the rate of lipid use and weight loss. The metabolic rate of actively feeding and reproducing insects is characteristically much higher than that of diapausing stages. The rate of oxygen consumption in overwintering Eurosta solidaginis larvae was strongly influenced by temperature (y = -66 + 14.2x, r2 = 0.98; Fig. 3) . Oxygen consumption increased 6-fold between 5°C and 10°C in December larvae. Consequently, the effect of the relatively high environmental temperatures in October and early November on the metabolic rate most likely accounts for the significant decreases observed in body weight, lipid and caloric content.
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An important problem faced by overwintering insects is how to synchronize both entry into diapause and its termination wlth phenological changes in the environment. Development of overwintering Eurosta solidaginis is arrested in the larval stage. Many insects rely on increasing temperatures in late winter or spring for the resumption of development (Tauber et al. 1986 , Danks 1987 . From an evolutionary perspective the gall fly larva's developmental decision centers on whether a period of warming represents a temporary period of milder conditions that will be followed by low or even subzero temperatures, or the arrival of spring with conditions suitable for a resumption of development and metamorphosis to the pupal stage. Premature continuation of development is potentially lethal since it is accompanied by loss of freeze tolerance (Morrissey & Baust 1976 ).
We tested response of larvae to warming by acclimating them to 15OC for 5 d in the laboratory. Oxygen consumption was measured in 1 cc syringes fitted with 20 p1 micropipettes as described by . This experiment was first done in January and repeated in March. In both months the initial oxygen consumption rates at 15°C were approximately 123 nl mg-' h-'. During the first 3 d of acclirnation, consumption rates remained near or below the initial value (Fig. 4) . How- The horizontal line indicates the rate of oxygen consumption at the beginning of the experiment ever, by the fifth day oxygen consumption rates markedly increased, suggesting a transition from a physiological state of energy conservation in winter to one of elevated metabolism that is required for resumption of development and preparation for metamorphosis. The 3 d lag in the elevation of the respiration rate may represent a safeguard against premature exit from the overwintering state.
INVOLVEMENT OF HEAT SHOCK (STRESS) PROTEINS
One of the universal responses by organisms to high temperature is the synthesis of heat shock proteins. While it has been known for some time that certain other forms of stress can also elicit the synthesis of these proteins (and hence the name stress proteins is perhaps more appropriate), it has been found only recently that low temperature can also stimulate synthesis of these proteins. Low-temperature stimulation of heat shock protein synthesis has now been documented for the fruit fly Drosophila melanogaster (Burton et al. 1988) , the flesh fly Sarcophaga crassipalpis (Joplin et al. 1990) , and the gypsy moth Lymantria dispar (Yocum et al. 1991 , Denlinger et al. 1992 .
Although the function of these proteins at low temperature is not at all clear , their presence and persistence at low temperature certainly suggest that they may contribute to low-temperature tolerance.
We tested whether Eurosta solidaginis also synthesizes heat shock proteins in response to low temperature. The other 3 insect species previously examined for heat shock protein synthesis at low temperature cannot tolerate body freezing and all die at temperatures well above their supercooling points. Thus, it was not at all clear whether E. solidaginis, a freezetolerant species, would respond in the same way.
To test for a possible contribution of heat shock proteins in the low-temperature response of Eurosta solidaginis, galls containing third-instar larvae were collected in central Ohio in mid-autumn (October 1991) and in winter (mid-November 1991 to January 1992). Larvae in October have not yet become freeze tolerant, but the drop in temperature by early winter stimulates cryoprotectant synthesis and causes the larvae to become freeze tolerant . Thus, our samples represented both younger freeze-intolerant and older freezetolerant individuals. First, we documented the high-temperature response by exposing intact larvae collected in October to various high temperatures for 1 h, dissecting and culturing the larval brains as a sample organ, pulselabeling the brains with 35S-n~ethionine for 1 h, extracting and separating the proteins by polyacrylamide gel electrophoresis, and detecting the proteins with autoradiography as previously described (Joplin & Denlinger 1990 ). As expected, at high temperatures normal protein synthesis was shut down, but a select group of proteins, the heat shock proteins, was synthesized (Fig. 5A) . Proteins with molecular weights of 94 and 71 kDa were the 2 primary heat shock proteins produced, and maximal expression occurred around 35°C.
To search for the expression of heat shock proteins in response to low temperature, October larvae were exposed for 2 h to a range of low temperatures from -5 to -20°C; brains were labeled for 1 h either immediately after the low-temperature exposure (Fig. 5B , left lanes) or after a 2 h period of recovery at 25OC (Fig. 5B, right lanes) . The experimental temperatures used were both above and below the supercooling point (-12°C) recorded in larvae at that time of year (Baust & Nishino 1991) . There was no evidence that synthesis of heat shock proteins was stimulated by any of the low temperatures tested. The same response was observed in winter larvae that had already become freeze tolerant. Again, we found no evidence that low temperatures above or below the supercooling point could stimulate synthesis of heat shock proteins (data not shown).
Thus, unlike other insects tested previously, Eurosta solidaginis does not appear to synthesize heat shock proteins in response to low temperature. Perhaps this freeze-tolerant and freeze-intolerant species, but Baust JG, Lee RE (1981) 
